Day-of-injury (DOI) brain lesion volumes in traumatic brain injury (TBI) patients are rarely used to predict long-term outcomes in the acute setting. The purpose of this study was to investigate the relationship between acute brain injury lesion volume and rehabilitation outcomes in patients with TBI at a level one trauma center.
U nintentional injury is the leading cause of death in the United States for individuals aged 45 years and younger. 1 Traumatic brain injury (TBI) is a major contributor in about one third of these deaths. 2 The death rate from TBI is only part of the story, because 43% of patients who suffer a TBI that requires hospitalization have some sort of disability 1 year after the injury. 3 This translates to about 5.3 million Americans living with a neurologic or functional impairment attributable to TBI, 4 which is often associated with emotional and financial hardship for these patients and their families. The overall socioeconomic burden of TBI in the United States in 2006 was estimated to be about US $76.5 billion per year. 5 Early treatment decisions and prognostication for patients with TBI are made using a combination of physical exam findings, radiographic injury characteristics, such as lesion size, location, and degree of midline shift, patient age, admission physiology (Glasgow Coma Scale (GCS), vital signs, response to initial resuscitation), associated injuries, medical comorbidities, laboratory parameters, and clinician experience/judgment. Generally, clinicians do not try to prognosticate long-term outcomes from TBI on the day of injury, except to predict mortality in the most extreme circumstances. Secondary brain injury has not yet occurred on the day of injury, which makes it difficult to estimate the total magnitude of the insult, but also, there is no well-validated model that uses data from the day of injury to predict the functional abilities of a patient after recovery. Thus, despite all of the technology available to us to treat the patient in the acute phase, we remain relatively ill-equipped to definitively answer patients' and families' questions about long-term outcomes early in the course of TBI.
Brain computed tomography (CT) is almost universally the first (and often only) imaging study performed on TBI patients who present to the hospital. Computed tomography is consistently done on the day of injury (DOI), and then may or may not be repeated during the patient's hospital stay. Scoring systems using CT findings, such as the Marshall classification, 6 the Rotterdam score, 7 and most recently, the Helsinki score 8 have been developed, but these have primarily been found to be useful as predictors of mortality, as opposed to predicting long-term function. A limitation of the studies is that they primarily use a categorical CT abnormality classification system that relies heavily on neuroradiologist report, rather than direct examination of CT scans. Specific volumetric analysis of the DOI brain CT has not been widely used to describe the severity of TBI, or to predict outcomes after rehabilitation. The purpose of this study was to investigate the relationship between DOI CT abnormalities and eventual rehabilitation outcomes in patients with TBI at a single level one trauma center using semiquantitative rating scales and quantitative CT analysis. We hypothesized that abnormalities on brain CT (largest lesion volume) would correlate with Functional Independence Measure (FIM) scores at the time of discharge from the rehabilitation unit.
PATIENTS AND METHODS
Consecutive adult (age, ≥ 18 years) patients with a diagnosis of moderate to severe TBI (based on ICD-9 codes 800.0-801.9, 803.0-804.9, 850.0-854.1, and 959.01) who were admitted to Intermountain Medical Center's (IMC) trauma service and were subsequently transferred to the rehabilitation unit at IMC between February 2009 and July 2011 were eligible for this retrospective study. All patients were enrolled in a National Institutes of Health, the Ontario Neurotrauma Foundation, and the National Institute for Disability and Rehabilitation Research funded parent study of acute rehabilitation outcomes and who underwent a DOI CT scan. 9 This parent study enrolled patients at 10 acute rehabilitation facilities in the United States and Canada and focused on outcomes during the rehabilitation stay, but did not collect data from the acute care hospital stay. The Intermountain Health Care Urban Central Region Institutional Review Board approved this study.
Hospital data were collected from the electronic medical record at IMC and the trauma registry (TraumaBase v.9; Clinical Data Management, Conifer, CO). Intermountain Medical Center is relatively unique in that medical data from both acute care hospital stay and the rehabilitation stay are included in the same electronic medical record. Medical data were obtained by trained data extractors and were checked for quality over the course of the study. Variables included demographic information (age, sex, race/ethnicity, marital status, insurance status), injury data (Injury Severity Score [ISS], Abbreviated Injury Scale [AIS] for head injury, first GCS score in the emergency department [ED] , vital signs in the ED), acute care hospital data (intensive care unit [ICU] and hospital length of stay [LOS] , need for neurosurgical intervention, need for endotracheal intubation/duration of mechanical ventilation), and rehabilitation unit data (admission, discharge, and 9 months postdischarge FIM scores, rehabilitation LOS, and discharge disposition).
The FIM is an 18-item scale designed to assess the level of a patient's disability and how much assistance he requires to carry out activities of daily living. Each item is scored on a seven-level scale ranging from 0 "activity does not occur" to 7 "complete independence." 10 FIM is used in all types of rehabilitation patients, but has been shown to be applicable to the TBI population. 11, 12 Semiquantitative ratings of the DOI brain CTwere carried out using the Marshall and Rotterdam semiquantitative rating scales 6, 7 Rating of brain imaging was conducted by two raters trained to 0.90 inter-rater reliability by a board-certified neuroradiologist. Both raters independently rated each DOI scan for Marshall and Rotterdam scores. Raters were blind to patient outcomes. In addition to semiquantitative rating scales, cerebral lesion volumes, lesion location, and midline shift in millimeters were obtained using the procedures described by Sherer et al. 13 Briefly, the lesion areas were calculated by manually tracing the outlines of each lesion on each slice then multiplying the lesion area by slice thickness (see Sherer et al. for full protocol). Cerebral atrophy/edema was quantified using third ventricle width and the ratio of third ventricle width to the width of the inner table of the skull. 14, 15 Third ventricle width was measured at the level of the foramen of Monro at the junction of the middle and posterior third of the ventricle. Disagreement between raters was adjudicated via consensus conference that included the raters and M.J.L.; rater scores were averaged for lesion volume and midline shift.
Statistical Analysis
An ordinary least squares (OLS) model was constructed for dependent (outcome) variables including ICU, acute care hospital, and rehabilitation LOS, Rasch-adjusted FIM (motor and cognitive) at rehabilitation admission, discharge, and 9 months postdischarge, and discharge to home after rehabilitation. Thirteen independent variables were allowed to enter each model: age; ISS; head AIS; ED GCS score; intubated in the field or ED; neurosurgical procedure in first 24 hours after admission; volume of largest brain lesion; distance of the midline shift; third ventricle to skull ratio; Rotterdam score; preinjury use of antiplatelet agents (aspirin or clopidogrel); and preinjury use of oral anticoagulants, such as warfarin.
Not all models included all variables. Stepwise variable selection with entry and exit criteria with p value of 0.05 were used in all cases. Before running the regression, multicollinearity was checked among predictors and those with an absolute Spearman correlation coefficient less than 0.6 were allowed to stay; one of the variables with coefficient greater than 0.6 was chosen using a theoretical rather than empirical framework for selection. Variables with fewer than five occurrences were excluded from the multivariate models. After the aforementioned preprocessing, the remaining variables were allowed to enter the OLS model, but only those with p less than 0.05 remained in the final model. Missing data points, including 9-month FIM motor and cognitive, were verified to be missing at random, without evidence of selection bias causing those points to be omitted. If a categorical variable had cell counts fewer than five per category, categories were collapsed where possible.
Descriptive statistics (percentages for dichotomous variables and means/standard deviations or median/interquartile range [IQR] for continuous as appropriate) for patient and injury characteristics were carried out. Bivariate outcome/predictor statistics were performed using pooled or Satterthwaite t test, Spearman rank correlation coefficient, or χ 2 as appropriate. Multiple stepwise regression analyses were carried out to assess which variables predicted outcomes in the hospital and after discharge from rehabilitation. Entry and stay criteria for in the statistical models were set at 0.05 (i.e., all variables significant in the final model had p values <0.05).
RESULTS
During the study period, 96 patients met inclusion criteria and were analyzed. The study population included 71 (74%) men with mean age of 43 ± 21 years, and 78 (81%) ( Table 1) , which is reflective of the general trauma service population at our trauma center. Most (67%) patients were employed, students, or both before admission. Seventy-four (77%) patients had some type of health care insurance at the time of admission.
The most common injury mechanism was motor vehicle collision (58%), followed by falls (25%) ( Table 2 ). Mean GCS score in the ED was 8.4 ± 4.8, and 65 (68%) patients required endotracheal intubation in the field or in the ED. The mean ISS was 25 ± 10 and brain AIS score was 3.8 ± 1.0. The largest lesion volume on the DOI CT was 12.8 ± 22.2 cm 3 , and midline shift was 0.18 ± 0.24 cm. Overall, patients had 3.2 ± 1.7 brain imaging studies (CT or magnetic resonance imaging [MRI]) during the acute hospitalization. Seventeen (18%) patients underwent urgent or emergent neurosurgical intervention (craniotomy [14] , craniectomy [2] , or burr hole [1] ) in the first 24 hours after admission. Three of these had epidural hematoma evacuations. Only 2 (2.1%) of patients had brainstem lesions on the DOI CT scan. Thirty-eight (40%) of the patients had at least 1 mm of midline shift noted, and 17 (18%) had midline shift greater than 5 mm. The median ICU LOS, acute care hospital LOS, and rehabilitation LOS were 8 days (IQR, 5-14), 10 days (IQR, 6-16), and 14 days (IQR, 9-31), respectively.
Motor and cognitive FIM scores improved from admission to discharge from rehabilitation from 39 to 61 (p < 0.001) and 38 to 64 (p < 0.001), respectively. Most (86 [90%]) patients were discharged to home after inpatient rehabilitation. Of the 96 patients, 72 (75%) had FIM scores available at 9 months of follow-up. Both motor and cognitive FIM scores at 9 months improved from the FIM scores at rehabilitation discharge (motor FIM score 61 to 89, p < 0.001; cognitive FIM score 64 to 77 p < 0.001).
Bivariate statistical analysis was used to look for independent associations between each of the 11 predictors in the model to each of the 10 outcomes. Results of these analyses are shown in Table 3 . The overall results of the OLS model are shown in Table 4 with R 2 or c-statistic as for continuous and dichotomous variables, respectively. Independent variables explained 33% of the variability in intensive care unit LOS and cognitive FIM at the time of admission to rehabilitation. The other dependent variables ranged from 3% of variance explained by the model for nine month postdischarge cognitive FIM to 28% explained by acute care hospital LOS. Multiple stepwise regression analysis was then performed for each dependent variable (Table 3) 
DISCUSSION
In this study, we examined the utility of DOI brain CT volumetric analysis along with other variables to predict outcomes at the time of discharge from the acute care hospital/admission to rehabilitation, discharge from rehabilitation, and at 9 months postdischarge in a group of moderate-severe TBI patients. We found that the volume of the largest brain lesion on the DOI predicted the cognitive FIM score at the time of admission and discharge from the rehabilitation unit. In addition, less midline shift was predictive of the ability to be discharged to home after the rehabilitation stay. Neither volumetric analysis nor degree of midline shift on the DOI brain CT predicted cognitive or motor FIM scores at 9 months after discharge.
We did not find that any of the variables that we studied, including size of brain injury lesion and degree of midline shift, were predictive of motor FIM at any time point, with the exception of intubation in the field predicting motor FIM at 9 months postdischarge. This is likely due to the fact that the population that we studied was a multiple-injured cohort. Motor FIM is far more likely to be affected by fractures, soft tissue, and solid organ injuries as well as brain injury. If we had a larger cohort and could have selected out a subgroup that had lower nonbrain AIS scores, it might have been feasible to assess for relationships between brain lesions and motor FIM at admission and/or discharge from rehabilitation.
In this study, we also did not find that brain injury lesion size or degree of midline shift was predictive of cognitive FIM at 9 months postdischarge. This is likely because of the FIM ceiling effect. FIM was originally developed as a measure of inpatient functional status and was not meant to look at long-term TBI outcomes. FIM is not sensitive to cognitive and behavioral impairments, and these are often the major post-TBI morbidities of moderate to severe TBI. Other factors, such as employment status or ability to drive a car, may be better surrogates for cognitive and executive function at nine months, particularly if age and previous work history are taken into account. Unfortunately, these data were not available for inclusion in our models. This study is relatively unique in that it combines the medical records/outcomes from the acute care hospital stay with the rehabilitation stay and with quantitative analysis of brain CT scans. Often, the medical literature on TBI is divided into the acute phase (where the focus is often mortality) and longerterm studies on outcomes after rehabilitation. There is a body of rehabilitation literature that looks at preinjury and general injury characteristics to predict outcomes after TBI. [16] [17] [18] [19] [20] [21] However, much of the time, these studies do not use specific data or have access to actual radiographic imaging data (beyond printed reports) from the day of injury to prognosticate long-term outcomes. Given the unique integrated data in our health system, we are able to access both acute and rehabilitation data via a common medical record.
Interest in using brain CT findings to prognosticate about long-term outcomes after TBI is not new. Many studies/ prediction models have used information from day of injury imaging. Zhu et al. 22 published a review in which they identified 49 studies that attempted to predict and/or classify outcomes based solely on CT characteristics. Most of these studies describe anatomical lesions and often assign some score to their presence or absence. The most well validated is the Marshall classification, 6 which assigns patients to diffuse injury I-IV, primarily based on midline shift and presence or absence of visible cistern, and then a V and VI for surgically evacuated/ not evacuated mass lesion greater than 25 cm 3 , respectively. The Marshall classification has been shown to be effective to predict mortality, 6 but is less useful for long-term outcomes. 23, 24 A 2006 article by Bigler et al. 25 correlated DOI brain CT findings with FIM measures and the Disability Rating Scale after a stay in a rehabilitation unit/hospital, using the Marshall classification to rate brain CTs. Their group found that the Marshall score correlated poorly with FIM and Disability Rating Scale at the time of discharge from rehabilitation, which differs from our findings. A limitation of the Marshall score is the dichotomous nature of the scale and does not allow for a difference in score for larger or multiple lesions nor does it does use lesion volumes.
Other outcome prediction models that incorporate DOI CT findings exist. The International Mission on Prognosis and Analysis of Clinical Trials in TBI (IMPACT) is an international, multidisciplinary group that synthesized data from 11 large clinical trials (total, n = 8686) and developed models to predict mortality and outcomes at 6 months after injury. 26 The IMPACT models incorporate multiple data points, ranging from preinjury demographics to initial laboratory values to brain CT findings, and have been externally validated. [27] [28] [29] A limitation of the IM-PACT model is that the CT finding variables (presence of shift, presence of mass lesion, presence of subarachnoid hemorrhage, and presence of epidural hemorrhage) are dichotomous and not quantitative in nature.
Volumetric neuroimaging analysis has been used for predictive/prognostication of outcomes in many disorders, including autism, 30 multiple sclerosis, 31 stroke, 32 and anoxic brain injury. 33 Quantitative neuroimaging in trauma has mainly focused on long-term outcomes after rehabilitation, looking at changes in the brain over time after the acute injury. [34] [35] [36] In these studies, quantitative MRI (qMRI) was the primary imaging modality, and multiple examinations were performed to document how the morphology of the brain changed over months to years. Clearly, such imaging techniques are not practical in the acute phase of their brain injury. Many TBI patients never undergo MRI at any time during the acute hospitalization. The DOI CT scan is the most consistently performed study for all TBI patients, and as such, is the most logical technique on which to base a model incorporating neuroanatomic volumetric data.
To our knowledge, no other researchers have constructed a TBI prediction model using brain volumetric data from the DOI brain CT. The findings from the present study indicate that the largest DOI lesion volume as well as the degree of midline shift may have prognostic value for cognitive functioning at the time of admission and discharge from inpatient rehabilitation, after adjustment for confounding effects of other predictors.
Clearly, this study was limited by its retrospective, small size, and single-center nature. Further, the purpose of the study was to evaluate the predictive value of the DOI brain CT. Our model might well have been strengthened by adding volumetric data from the second brain CT. Often, particularly in intraparenchymal contusions or bleeds that are not addressed surgically, a lesion will "blossom," or grow significantly between the scan done in the ED and the follow-up done hours later. Adding either the raw data from this second CT, or perhaps using the difference between lesion size on the first versus the second might have been a valuable variable to add to our model. In the same vein, we might have aggregated the largest two or three lesions, instead of focusing on the single largest in an attempt to make the model more robust. Finally, although we calculated ISS for every patient, we did not note who specifically had an extremity fracture and who did not. Clearly, motor FIM will be influenced by these injuries, and our model could have been improved by controlling for them.
Although we used quantitative methods to perform our analysis, modern CT scanners often possess similar capabilities, making similar volumetric analysis methods more feasible at most major trauma centers, without adding on extra CT examinations, radiation, or even much additional time. These data points, heretofore not widely used or appreciated, may be important in the construction of future prognostication models for long-term outcomes from TBI. AUTHORSHIP S.M. contributed to the study design, literature search, data interpretation, writing, critical revision. J.B. contributed to the study design, data interpretation, critical revision. D.R. contributed to the study design, data interpretation, critical revision. R.O.H. contributed to the study design, data interpretation, writing, critical revision. J.E.F. contributed to the data collection, data analysis. R.B.F. contributed to the data collection, data analysis. J.M.D. contributed to the study design, data interpretation, critical revision. R.B. contributed to the study design, data collection, data analysis, writing, critical revision. S.H. contributed to the study design, data collection, data analysis. D.P. contributed to the data collection, data analysis. E.D.B. contributed to the data collection, data analysis, critical revision. S.G. contributed to the data collection. M.S. contributed to the study design, data interpretation, critical revision. M.J.L. contributed to the study design, data collection, data analysis, data interpretation, writing, critical revision.
Dr. David Livingston (Newark, New Jersey): Uncertainty is anathema to surgeons, especially trauma surgeons. The sometime-slur, "Maybe wrong, but never in doubt," exemplifies that comment. Yet almost everything about traumatic brain injury is uncertain.
Hippocrates, 2400 years ago, knew it when he said, "No head injury is too severe to despair of or too trivial to ignore."
While we are marginally okay at predicting in-hospital mortality, we are really not even close to predicting important outcomes, even at acute trauma center discharge. This truly is one of the holy grails of TBI research and one of the main contributors to why all the pharmaceutical trials failed.
In a biblical sense looking at TBI scoring systems: GCS begat Marshall scoring. Marshall scoring begat Rotterdam scoring. Rotterdam scoring began Helsinki scoring. And now we have volumetric analysis.
So as presented by Dr. Majercik they examined the volumetric scans on the initial CT and followed the patient through discharge and through rehabilitation. They are to be really commended that they looked past hospital discharge into the rehab stay. This is very important.
As reported, they found that volumetric analysis correlated with lower cognitive FIMs, but at nine months it all fell apart. So is this a good test, a bad test or just another data point? I am not quite sure from their data but I have some questions.
Why just use day of injury CT scan? These were pretty fairly hurt patients and they undoubtedly have several different follow-up CT scans. Quite often, especially with intraparenchymal hematomas, the lesions these blossom greatly between Scan 1 and Scan 2. And I wonder if volumetric analysis of the second scan (or beyond) wouldn't have been more revealing.
Why a single volume lesion? Wouldn't an aggregate of the top two or three have been better?
Clearly a large surgical clot, especially that from an epidural hematoma, which is an intracranial but not really brain injury, per se, would have a better outcome than a smaller, inaccessible clot in the basal ganglia, for example. This may explain why you have an inverse relationship between large clot size and your recovery. How can you better account for the type of brain injury in your predictive model?
Did you examine FIM motor specifically in those patients with lower extremity fractures? Did that play a role and would it make a difference?
Once again, the study adds another way to measure the severity of head injury and possibly predict the outcome. In my opinion whether it is truly predictive or not will require a lot more patients and a lot more study.
Once again, thank you for the privilege of discussing this paper.
Dr. Hasan B. Alam (Ann Arbor, Michigan): Very nicely presented work. I think it's important to look at it. I have some very basic questions.
So you looked at the volumetric from one scan and, as Dr. Livingston just mentioned, sometimes the lesion blossoms, sometimes it evolves. Maybe looking at the delta change in the volume might be important.
But some other things. A big lesion in a young kid may not have the same outcome as a smaller lesion in an elderly patient. Similarly, it's not the volume of the lesion but also the diffuse axonal injury around it.
The anatomical location of the lesion, frontal lobe lesion versus parietal lobe lesion versus deep down into the parenchyma, I mean so the anatomical location of the lesion rather than the simple volume is also important.
So a better way of looking at it, rather than just one variable-and I know you did the regression analysis, you controlled for some of those things-but rather than excluding those things and just focusing on one, it may not be a better idea to come up with a composite score that takes into account four or five of those big things: the location, the age, the delta change in the lesion, the diffuse axonal injury and the swelling, all of them.
Dr. Weidun Alan Guo (Buffalo, New York): Sarah, thank you for showing us this promising new technology to predict the outcome of the TBI. I have a simple question for you. How do you measure the lesion volume in a patient with concussion, diffuse axonal injury or multiple petechial lesions?
Dr. Michael White (Detroit, Michigan): I enjoyed your study-it's a good study looking at an area that needs work in terms of trying to understand and predict how people will do after this type of injury. I have more of a simple question.
Did you also look at like who returned back to work after their injury or not? You mentioned independent living. Did any of those predict that in terms of that specific area? Did any of those data points predict that? Or did you look at that?
Dr. Sarah Majercik (Murray, Utah): Dr. Livingston, thank you for your insightful discussion and questions. To your first point, you asked about why not take measurements after the second head CT when the lesions have had a chance to "blossom." This is a good question.
We did purposely choose to focus on the first study because we knew that 100% of our patients had had a day of admission brain CT. Although I don't know the exact statistics on how many had the second CT I would be willing to bet it is well over 90%.
Using measurements from the second CT or perhaps measuring the change in volume from the first to the second as one of the other discussants alluded to might well be useful as we refine this data and move toward a larger, prospective study.
Similarly, allowing for the cumulative effect of multiple lesions would be simple and is another reasonable data point to consider as we move forward with our larger study.
As to your point about the epidural hemorrhages, I do know that only three patients in our study cohort had an epidural so it's a relatively small number of patients out of the 96 that we studied. But, this is a valuable point that you raise.
To your fourth point, the motor FIM is going to be affected by factors other than the brain injury when studying a population with mixed injuries. We did think about this. Going forward, we could either study a purely head-injured population or we could use presence or absence of lower extremity fracture as another independent variable, which we did not do in the present study.
Our numbers were too small here to cull out exactly who had lower-extremity injuries and who didn't so we did not do that with the present study but, again, something for us to think about going forward.
Dr. Alam asked about patient age and the location of the lesion. Obviously, these are both very important. Patient age was part of our original model, but location of the lesion was not used in the model construction.
Dr. Guo asked about DAI and how that factored into our model. Really the surrogate that we had here was the degree of cerebral edema. That variable did not turn out to be predictive of anything in the present study; but as you know, DAI is often not very well captured on CT scans, particularly one done very soon after injury. Many of the patients did not ever have an MRI done so it was impossible for us to do a real volumetric measurement of DAI because, as you know, it is not really a volume occupying lesion.
On behalf of my co-authors, we would like to thank the AAST for the privilege of the podium today.
